Publisher InTech The infrared and Raman spectroscopy have applications in numerous fields, namely chemistry, physics, astronomy, biology, medicine, geology, mineralogy etc. This book provides some examples of the use of vibrational spectroscopy in supramolecular chemistry, inorganic chemistry, solid state physics, but also in the fields of molecule-based materials or organic-inorganic interfaces.
Introduction
Vibrational spectroscopy is generally implemented using two schemes; that is, absorption spectroscopy and Raman spectroscopy. Conventionally, low frequency absorption spectroscopy is carried out using Fourier transform spectrometers equipped with a far infrared radiation source and a thermal detector. On the other hand, low frequency Raman spectroscopy is carried out by way of double or triple monochromaters and high-quality notch filters, whose performance determines the low frequency limit of the Raman spectrometer. In addition, in recent years, terahertz time-domain spectroscopy (THz-TDS) , utilizing femtosecond lasers as the excitation source, has been developed. THz-TDS enabled us to obtain absorption and dispersion spectra with a high signal-to-noise ratio in a frequency region less than 3 THz (100 cm -1 ) and can be applied for absorption spectroscopy of various substances (Kawase et al., 2009; Korter et al., 2006; Taday et al., 2003; Tani et al., 2004; Walther et al., 2003; Yamamoto et al., 2005; Yamaguchi et al., 2005) and imaging measurements (Kawase, 2004) . There is a keen interest in low frequency vibrational spectroscopy for biomolecules since large amplitude, low frequency modes in macro biomolecules are believed to be associated with their respective function, as in the case of proteins (Chou, 1985 (Chou, , 1988 . In order to fully understand the dynamics and function mechanisms of biomolecules, it is necessary to study their large amplitude and anharmonic low-frequency vibrational motions as these govern their thermal and physiochemical properties. A normal mode analysis of protein molecules revealed that large amplitude vibrational modes which are delocalized in the whole molecule lie within the THz region (< 120 cm -1 ) (Brooks & Karplus, 1985; Go et al., 1983) . In addition, the calculations suggested that the entropy of the whole molecule, specifically its thermodynamic characteristics, is governed by the large amplitude vibrational modes in the sub-THz region (<30 cm -1 ). Consequently, important information related to the functions and dynamics of proteins can be derived by investigating THz vibration spectra.
For observation of low frequency vibrational modes in macro biomolecules, the absorption spectroscopy, including THz-TDS, has not been very successful because of the strong absorption of water in aqueous or hydrated samples. Low frequency Raman spectroscopy, on the other hand, seems to be promising for the study of low frequency vibrational modes in macro biomolecules since Raman spectroscopy is less influenced by water molecules as compared to THz absorption spectroscopy. As such, there have been some reports on the use of low frequency Raman spectroscopy to observe low frequency vibrational modes in proteins, such as lysozyme (Genzel et al., 1976; Urabe et al., 1998) . Some difficulties arise in carrying out the low frequency Raman or low frequency coherent Raman spectroscopy, in contrast to the high frequency regime; especially in the case of biological samples. One such problem is the strong Rayleigh scattering from rugged surfaces like powdered samples and from large biomolecules such as proteins and DNA. Therefore, to obtain a clear Raman spectrum, an efficient notch filter, such as the vapour iodine filter (Okajima & Hamaguchi, 2009) , is required. In addition, slow signal fluctuations arising from thermal gradients due to laser beam heating also poses problems. To remove the thermal fluctuation, a noise subtraction technique using a lock-in amplifier has been reported (Genzel et al., 1976) . A more significant drawback in using Raman Spectroscopy, however, is its inherently low signal intensity. To overcome the low signal intensity in spontaneous Raman spectroscopy, coherent Raman techniques, such as Coherent Anti-Stokes Raman Scattering (CARS), may be utilized. Using the coherent Raman scattering, the signal can be increased by 5 to 6 orders of magnitude compared to that of spontaneous Raman scattering. With this high signal intensity, CARS from the C-H stretching mode has been successfully used for the molecular imaging of biological cells and tissues. In line with this, the authors have recently developed coherent Raman spectroscopy technique in the THz frequency region aimed for imaging and spectroscopy of biomolecules. This technique uses a broadband femtosecond laser as the light source, as opposed to the customary nano-to picosecond monochromatic laser, in exciting the coherent Raman scattering and in detecting the signals in the time-domain. The femtosecond laser is advantageous since it can also be used in a THz-TDS system. At the moment, this technique is still being fully developed and has not been applied in the spectroscopy of biomolecules nor in the spectroscopic imaging of living tissues. The authors discuss the concept of the time-domain coherent Raman spectroscopy based on the "spectral focusing" technique. Furthermore, we demonstrate a series of proof-of-principle measurements by using a semiconductor sample. Observations on the optical phonon bands of GaSe in the THz frequency through the time-domain CARS and inverse Raman spectroscopy are presented. Lastly, efforts on the improvements in the signalto-noise ratio (SNR) for future measurements of biomolecules are discussed.
Principle of the coherent Raman spectroscopy in terahertz frequency region using spectral focusing of femtosecond laser 2.1 Basics of coherent Raman spectroscopy
The basic principle of Raman scattering is explained briefly prior to discussing coherent Raman spectroscopy in the terahertz frequency region. A polarization P (1) is induced when a molecule or crystal lattice is placed under an electric field, E 0 . The induced polarization depends linearly on the applied electric field through the polarizability  when the field is not so strong, and it can be described by
(1)
In the above equation, the polarization P (1) represents the polarization of one molecule, or the induced macroscopic polarization by the molecules or crystal lattice per unit volume. Additionally, the polarizability  is dependent on the molecule; hence any periodic change in the molecule from thermally excited molecular or lattice vibration, will also periodically change . When a laser of frequency ω 0 with an electric field amplitude E 0 is incident onto a material, wherein its constituent molecules fluctuate periodically at a vibration frequency δω, the polarization P (1) will oscillate at the same frequency ω 0 of the incident laser and, at the same time, P (1) will be modulated by the change in induced by molecular vibrations. This will then lead to the sum frequency  0 ＋ and difference frequency  0 -Specifically, the polarization P (1) will oscillate with the three frequency components     ＋, and  0 -. Since the emitted electromagnetic wave is proportional to the change in the electric polarization
(1) 22 / Pt   , light will be scattered by the molecule according to three mechanisms: (1) light with the same frequency as the incident light  0 (Rayleigh scattering), (2) positive shift  0 ＋ with the vibration frequency  (anti-Stokes), and (3) negative shift  0 -with the vibration frequency  (Stokes). For thermally excited molecular vibrations, the vibration amplitude and phase is small and incoherent, respectively. Thus, the positive and negative interference of the emission from each molecule will occur with equal probabilities which prevents a large scattering intensity to be obtained. Also, the Stokes and anti-Stokes signals are relatively weak compared to the Rayleigh scattering. In this regard, an efficient notch filter and monochromator are needed in order to suppress the Rayleigh scattering. On top of this, a highly sensitive photomultiplier tube or CCD camera are needed to observe the weak Stokes and anti-Stokes signals. Additionally, it should be noted that the polarization P (1) is a vector and since the polarization is dependent on the vector component of the incident electric field, the polarizability  is a tensor (Raman tensor). However, we will not consider its tensor properties at this time, for simplicity. Now, let us consider a situation that two electric fields, E 1 and E 2 with frequencies  1 and  2 , respectively are incident on the material in addition to E 0 . Three-wave mixing occurs with these two waves and E 0 , to induce a polarization P (3) . In this case we have
This nonlinear optical interaction is in fact a "four-wave mixing" process since there are four electro-magnetic waves involved, which includes the wave generated by the nonlinear polarization P (3) in addition to the three incident waves. When the difference frequency of E 1 and E 2 is in resonance with the molecular vibration frequency δω (that is, ＝  -   the resonance effect will cause the molecule to oscillate coherently such that the polarization P (3) will vary significantly with the vibration frequency δω. During this process, three frequency components     ＋,and   - will compose the scattered light. In this case, the scattered light with frequency   ＋or  -is enhanced by the coherence effect (Note that with N numbers of molecules emitting coherently, the increase in the emission intensity is not N times but rather N 2 times in intensity). The scattered light with frequency  0 ＋ is called Coherent Anti-Stokes Raman Scattering (CARS) while the scattered light with frequency  0 - is called Coherent Stokes Raman Scattering (CSRS). Given that it is not easy to have a laser source with three different frequencies, the frequency of the field E 0 usually coincides with either E 1 or E 2 ( 1 or  2 ). Taking into account the phase of each light wave, Eq.
(2) is rewritten as,
Here, E* is the phase conjugate of E. In Eq. (3a), the interaction of the photons of  1 and  2 with the molecule (lattice vibration) leads to the generation of a photon having frequency   ＋ through the 3 rd order nonlinear optical process. In the CSRS process shown in Eq. (3b), the interaction of the photons of  1 and  2 with the lattice vibration leads to the generation of a photon with frequency  2 - via the same optical process. In addition to the CARS and CSRS, four-wave mixing also leads to inverse Raman scattering (IRS), which is the annihilation of a   (＝  -  ＋  ) photon; or stimulated Raman gain scattering (SRGS), which is the creation of a   (＝  ＋  -  ) photon. The nonlinear polarization corresponding to each of these scattering processes are given by the following equations:
The IRS and SRGS processes represent two aspects of the energy exchange between the incident fields E 1 and E 2 : In IRS we observe a reduction of intensity in E 1 while in SRGS we observe an increase of E 2 as a result of energy transfer from E 1 to E 2 through the coherent Raman process.
Principle of time-domain coherent Raman spectroscopy based on spectral focusing
For a coherent Raman spectroscopy system that uses two excitation light sources  1 and  2 , two frequency-stabilized and frequency-tunable lasers are needed. This will make the system bulky. Moreover, the excitation lasers should have a narrow spectral linewidth (< 1 cm -1 ), and a very efficient notch filter, having sufficient optical density and a sharp spectral edge, are required to filter out the Rayleigh scattering. To overcome this problem, a technique using the chirped frequency of the femtosecond laser was developed. Although the details of this technique will be explained below using CARS as an example, this technique is also applicable to other coherent Raman processes.
A femtosecond laser has a broad spectral bandwidth extending from several THz to a few tens of THz. The frequency of the femtosecond laser pulse can be chirped using a grating pair. After passing through the gratings, the chirped laser pulse is separated into two to produce Pump1 (E 1 ) and Pump2 (E 2 ) and combined again in an interferometer, where one pump pulse passes through an optical delay line. If the two pump pulses overlap with a time difference , a Δ-dependent optical beat arising from the beat frequency will be generated. If this optical beat is incident onto a sample material, a frequency-chirped and up-converted CARS signal can be obtained, as seen on the left illustration in Fig.1 . This technique for obtaining a narrow band signal from broadband, chirped pump pulses is called "spectral focusing", reported by Hellerer et al in 2004 (Hellerer et al., 2004 . Using a spectral focusing technique with a femtosecond laser, they successfully observed C−N Raman bands of nitroprusside [Fe(CN) 5 NO 2-] at around 2160 cm −1 with three sharp peaks separated ~15 cm −1 apart from each other. However, if the difference frequency,  in the CARS signal is small, the signal, Pump1 and Pump2 beams are spectrally overlapped and cannot be separated by dispersing these spectra as is usually done in Raman spectrum measurements. In addition, the CARS signal beam is almost collinear with the pump beams due to the phase-matching condition in the THz regime.
Here k CARS is the wave vector of the CARS signal and k 1 (k 2 ) is that of Pump1 (Pump2). They can be separated only in time domain by pulse compression through the inverse chirping process, as shown by the right illustration in Fig. 1 . The detection of the CARS signal in time-domain is possible using the up-conversion technique. Only one femtosecond laser is needed with this technique and neither a monochromater nor a filter is necessary. Likewise, it is possible to detect the CSRS signal of Pump2 at a frequency   -. Lastly, by means of the above technique, the IRS and SRGS signal can be detected by monitoring intensity changes in the coherent Raman scattering. The time-domain coherent Raman process resembles the chirped pulse amplification (CPA) technique, with which the frequency chirped pulse is amplified and compressed to obtain a high energy femtosecond laser pulses.
In time-domain coherent Raman spectroscopy, the frequency bandwidth of the detected coherent Raman signal is limited by the spectral bandwidth of the pump beams since the signal is the result of the difference frequency mixing of the two pump beams. On the other hand, the frequency resolution is determined by the reciprocal of the time-width T of the two chirped optical pulses. The frequency resolution  is given by T.
The time-width of the optical beat is maximum when the associated beat frequency (Raman frequency) is 0, and decreases proportionately with the increase of the beat frequency. Therefore, the frequency resolution  increases as the Raman frequency decreases. The highest frequency resolution obtainable at the low frequency limit for a femtosecond laser with a transform-limited pulse width of t and a chirp rate b is given by
where T m is the pulse duration of the chirped pump pulse. Accordingly, in order to get a good frequency resolution, one should use a laser with a narrow pulse width and be able to significantly stretch the pulse.
Experimental setup for time-domain coherent Raman spectroscopy
The schematic illustration of the experimental setup is shown in Fig. 2 . Femtosecond pulses from a Ti: sapphire regenerative amplifier system (~800 nm, t ~120 fs, 1 kHz, 800 J/pulse) were initially split into pump and probe pulses. The pump pulse was positively chirped with a grating-lens pair and stretched to about 30 ps. Using a Michelson-type interferometer, the stretched pump pulse was divided into two beams, Pump1 and Pump2, after which the two beams acquired a relative time-delay,  and were then recombined. The interference of the two pump beams produced an optical beat at the beams' instantaneous difference frequency. The interfering pump beams were then directed to the sample material. Subsequently, the pump beams were compressed to their original fs pulse widths using another grating pair. The frequency chirped CARS signal was also compressed and separated from Pump1 by  in time domain. The CARS signal was then up-converted to ~400-nm wavelength through sum frequency generation (SFG) with the probe pulse using a BBO crystal. The up-converted signal was then detected by a GaP photodiode. In order to have a high SNR, either Pump1 or Pump2 should be modulated by a mechanical chopper and the photodiode signal can then be detected by a lock-in amplifier. 
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Figure 3(a) shows the SHG cross-correlation signal for stretched Pump1 and Pump2 with a time difference, whose beat frequency is 736 GHz.Figure 3(b) shows the Fourier transformed SHG cross-correlation signal for stretched Pump1 and Pump2 with various Δvalues. By plotting the observed beat frequencies against the optical delay  we can determine the chirp rate b of the pump pulses. From Fig. 3(b) it is also found that the spectral line width of the optical beat increases with increasing beat frequency, resulting in poor spectral resolution of the time-domain coherent Raman spectra at higher frequencies. The frequency resolution,  m , in the low frequency limit (~ 0) is calculated to be 0.02 THz for the present system with the pulse width t = 120 fs and the chirp rate b =0.18 THz/ps. The useful bandwidth of the CARS measurement system estimated by the optical beat measurement is about 5 THz. The low-frequency limit of the CARS measurement is determined by the pulse width of the pump laser after the compression and is about 0.2 THz in the present system. Figure 4 shows the CARS spectrum measured from a -GaSe single crystal (c-cut, 1 mm thickness) sample . The spectrum shown in Fig. 4 was obtained by "peakscanning", where the time-delay  1 for the probe and the relative time difference, between Pump1 and Pump2 are simultaneously scanned while the ratio of the two delays,    was kept equal to   =2 Δ). In effect, the frequency shift of the CARS signal with respect to the change of the difference frequency  was investigated. To increase the SNR the "peak-scanned" spectrum was averaged for 10 times. On the broad, non-resonant background spectrum a resonance can be seen near 0.6 THz (~20 cm -1 ), coming from the lowest Raman-active optical mode (E 2g mode) in -GaSe (Wieting & Verble, 1972) . The non-resonant coherent Raman signal originates from electronic response of the sample and is not strongly frequency dependent. The resonant CARS spectrum is not symmetric but has a dispersion-type structure. This is explained by the interference between the components from the non-resonant (real and constant with frequency) and the resonant nonlinear optical susceptibility (Levenson, 1974 Fig. 5 The curve fit using eq.(3) is shown in Fig. 4 as the dashed line. We have estimated the Raman linewidth  = 0.02 THz (=0.67 cm -1 ) and the ratio of the resonant to the non-resonant contribution, given by the parameter Figure 6 shows the inverse Raman spectrum of the GaSe sample. The total pump power incident on the sample was about 1 mW. The signal loss of Pump1 was detected using lockin techniques by modulating Pump2 with a mechanical chopper. The IRS spectrum was taken by scanning the Pump2, Δ, with the probe optical delay set at the maximum SFG signal . As can be seen from Fig. 6 , there are resonance peaks around 0.6 and 4.2 THz due to the E 2g and A 1g optical phonon modes, respectively. The resonance peak expected at 1.8 THz corresponding to an optical phonon (E 1g -mode) in GaSe was not observed, probably due to the weak Raman scattering cross section. The inverse Raman signal is one order stronger than the CARS signal. Accordingly, the SNR of the inverse Raman signal is also larger. The reason for this is not clear at present. Loss Signal (arb. unit) Raman frequency (THz) resonance frequency while that of CARS is not symmetric (dispersive shape). This is because the signal in an IRS spectrum corresponds to the imaginary part of the 3 rd order nonlinear susceptibility (the same as the spontaneous Raman signal) while that of CARS corresponds to the real part, and this is the reason why it interferes with the signal from the real nonresonant nonlinear susceptibility. The non-resonant background signal is also dominant as in CARS and is probably due to other non-resonant four-wave mixing processes. Therefore, it is necessary to suppress this non-resonant background signal when performing spectroscopy of biomolecules and imaging where a higher SNR is required. Fig. 7 . Polarization vectors of Pump1 (E 1 ) and Pump2 (E 2 ), the non-resonant IRS signal (P NR ) and the analyser polarizer.
Time-domain coherent Raman spectroscopy

Time-domain coherent anti-Stokes Raman spectroscopy (CARS) for GaSe
Time-domain inverse Raman spectroscopy (IRS) for GaSe
The polarized CARS (P-CARS) technique (Oudar et al., 1979; Cheng et al., 2001) can be applied to the inverse Raman measurement in order to suppress the non-resonant background signal. This is achieved by controlling the relative polarization angle between Pump1 and Pump2; that is, adjusting the polarization direction of the non-resonant and resonant signals. Owing to the polarization difference, it is possible to remove the polarization component of the non-resonant signal by placing a polarizing filter in front of the detector. The principle of polarization IRS method (P-IRS) is outlined as follows. Consider that Pump1 is linearly polarized along the x-axis and Pump2 is polarized along a direction, an angle  relative to the x-axis as shown Fig.7 . When the beat frequency generated by the two pump beams is resonant with a molecular vibration or an optical phonon vibration, the interaction of the pump beam in the sample induces a third order nonlinear polarization that contains a non-resonant part, P NR , and a resonant part, P R . The x and y components of the non-resonant part contributing to IRS can be written as where the angle  is related to  by tan  = NR tan  The non-resonant background can be removed by placing an analyzer in front of the detector, with its polarization perpendicular to P NR . The total projection of the two components of P R [Eq. (11)] along the direction perpendicular to P NR can be written as ** 2 1111 1 2 2 3 (cos sin cos sin cos )
Here,
is the depolarization ratio of the resonant IRS field, and is equal to the spontaneous Raman depolarization ratio in the absence of electronic resonance. Figure 8 shows the inverse Raman spectrum using the polarization technique. As can be seen from the figure, the non-resonant component is well suppressed and the resonance peak is clearly seen at the optical phonon mode frequency around 0.6 THz.
Extension of measurement bandwidth
The measurement bandwidth is dependent on the spectral bandwidth and thus the associated pulse width of the femtosecond laser. Thus, using a narrow pulse width femtosecond laser will give a broad measurement bandwidth. However, when using very short pulses (less than 100 fs), special care must be taken to suppress higher order dispersion in the stretcher configuration. With a grating pair such as the one shown in Fig.2 (the compressor part), optical pulses with negative chirp can be obtained. When a lens pair is inserted between the grating pair, the spatial image of the optical beam is inverted and a negative chirp is then reverted to a positive chirp. However, the insertion of a lens pair introduces higher order dispersion and spherical aberration, which cannot be compensated by the grating pair compressor. As a result, the pulse width after compression is broadened with the higher order dispersion and the time-resolution in the detection system deteriorates. To avoid dispersive optics in the stretcher system we adopted Öffner configuration (Öffner, 1971; Cheriaux et al., 1996) , which consists of a grating and a combination of concave, convex and roof mirrors as shown in Fig. 9 . The optical pulses hit the grating and the aspheric mirrors four times. By changing the offset distance Z 1 of the grating position we can control the positive dispersion of the optical pulses. Figure 10 shows the measured inverse Raman spectrum from the GaSe using femtosecond laser pulses with a pulse width of 40 fs in the transform-limited condition. The vertical axis of the graph is the optical power loss in Pump1, corresponding to the inverse Raman signal, while the horizontal axis is the relative time-delay between the two pump pulses, which determines the beat frequency. The sharp peak at the zero time-delay is the burst signal of the overlapping pump pulses, which corresponds to zero-beat frequency. The small and sharp peak at 1.1 ps (~0.6 THz) is the optical phonon mode (E 2g mode), corresponding sliding motion of layers with its plane perpendicular to the c-axis of GaSe. The apparent peak at 7.9 ps (4 THz) is the fully symmetric phonon mode (A 1g mode) and the peak at 18.7 ps (9.3 THz) is another Raman active mode (A 1g mode) (Wieting & Verble, 1972) . Based on these bands and the associated non-resonant background signal, the frequency bandwidth of this system is estimated to be 15 THz (corresponding to ~30 ps time delay). 
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Problem and future plan
A crucial aspect of the coherent Raman spectroscopy system is its utilization of a femtosecond laser in conjunction with a novel time-domain detection scheme to acquire the sub-THz to THz coherent Raman spectrum. However, low signal strength from samples like biomolecules necessitates improving the SNR of the system. The efficiency of coherent Raman scattering and the SFG process in the signal detection is proportional to the cube and square of the excitation intensity, respectively. Therefore, the coherent Raman scattering signal detected in time-domain is proportional to the 4 th power of the excitation intensity. Laser intensity fluctuations in turn, cause large fluctuations in the signal. This deteriorates the SNR, even if the signal itself is large. Moreover, the large fluctuation of the non-resonant signal compared to the resonant signal due to vibrational modes also results in a low SNR. In order to address these issues, the following points may be considered: (1) use a high repetition rate laser, (2) use balanced detection or obtain the difference between the signal and the reference, and (3) establish ways of measuring the differential signal in the time delay of Pump1 and Pump2 (equivalent to the differential signal in the frequency domain) through the modulation of their optical path lengths. If the repetition rate of the pump laser is too high, as in the case of a mode-locked Ti:sapphire laser oscillator (having typical repetition frequencies of 50~100 MHz), the energy per pulse is too small and the coherent Raman signal strength is too weak resulting to a low SNR. For this reason, the optimum pump source might be a femtosecond laser amplifier system with a repetition rate of ~100-kHz and with an energy per pulse of a few J, in order to maintain sufficient excitation intensity.
Conclusion
THz time-domain coherent Raman spectroscopy system using "spectral focusing" of a broadband femtosecond laser source was introduced. Although the system is still in its burst 0.6THz
4 THz (A1g) 9.3 THz (A1g) development stage, sufficient SNR was obtained using a GaSe sample. Additionally, it promises to be a reliable measurement technique for background light and fluorescence studies since the signal is gated in the time domain. Lastly, improving the SNR characteristics of the system will make it feasible for applications in the spectroscopy and imaging of biomolecular samples.
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